Neurotransmitter/Na 1 symporters (NSSs) terminate neuronal signalling by recapturing neurotransmitter released into the synapse in a co-transport (symport) mechanism driven by the Na 1 electrochemical gradient 1-6 . NSSs for dopamine, noradrenaline and serotonin are targeted by the psychostimulants cocaine and amphetamine 1 , as well as by antidepressants 7 . The crystal structure of LeuT, a prokaryotic NSS homologue, revealed an occluded conformation in which a leucine (Leu) and two Na 1 are bound deep within the protein 8 . This structure has been the basis for extensive structural and computational exploration of the functional mechanisms of proteins with a LeuT-like fold 9-22 . Subsequently, an 'outward-open' conformation was determined in the presence of the inhibitor tryptophan 23 , and the Na 1 -dependent formation of a dynamic outward-facing intermediate was identified using electron paramagnetic resonance spectroscopy 24 . In addition, single-molecule fluorescence resonance energy transfer imaging has been used to reveal reversible transitions to an inward-open LeuT conformation, which involve the movement of transmembrane helix TM1a away from the transmembrane helical bundle 22 . We investigated how substrate binding is coupled to structural transitions in LeuT during Na 1 -coupled transport. Here we report a process whereby substrate binding from the extracellular side of LeuT facilitates intracellular gate opening and substrate release at the intracellular face of the protein. In the presence of alanine, a substrate that is transported 10-fold faster than leucine 15,25 , we observed alanine-induced dynamics in the intracellular gate region of LeuT that directly correlate with transport efficiency. Collectively, our data reveal functionally relevant and previously hidden aspects of the NSS transport mechanism that emphasize the functional importance of a second substrate (S2) binding site within the extracellular vestibule 15, 20 . Substrate binding in this S2 site appears to act cooperatively with the primary substrate (S1) binding site to control intracellular gating more than 30 Å away, in a manner that allows the Na 1 gradient to power the transport mechanism.
Neurotransmitter/Na 1 symporters (NSSs) terminate neuronal signalling by recapturing neurotransmitter released into the synapse in a co-transport (symport) mechanism driven by the Na 1 electrochemical gradient [1] [2] [3] [4] [5] [6] . NSSs for dopamine, noradrenaline and serotonin are targeted by the psychostimulants cocaine and amphetamine 1 , as well as by antidepressants 7 . The crystal structure of LeuT, a prokaryotic NSS homologue, revealed an occluded conformation in which a leucine (Leu) and two Na 1 are bound deep within the protein 8 . This structure has been the basis for extensive structural and computational exploration of the functional mechanisms of proteins with a LeuT-like fold [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Subsequently, an 'outward-open' conformation was determined in the presence of the inhibitor tryptophan 23 , and the Na 1 -dependent formation of a dynamic outward-facing intermediate was identified using electron paramagnetic resonance spectroscopy 24 . In addition, single-molecule fluorescence resonance energy transfer imaging has been used to reveal reversible transitions to an inward-open LeuT conformation, which involve the movement of transmembrane helix TM1a away from the transmembrane helical bundle 22 . We investigated how substrate binding is coupled to structural transitions in LeuT during Na 1 -coupled transport. Here we report a process whereby substrate binding from the extracellular side of LeuT facilitates intracellular gate opening and substrate release at the intracellular face of the protein. In the presence of alanine, a substrate that is transported 10-fold faster than leucine 15, 25 , we observed alanine-induced dynamics in the intracellular gate region of LeuT that directly correlate with transport efficiency. Collectively, our data reveal functionally relevant and previously hidden aspects of the NSS transport mechanism that emphasize the functional importance of a second substrate (S2) binding site within the extracellular vestibule 15, 20 . Substrate binding in this S2 site appears to act cooperatively with the primary substrate (S1) binding site to control intracellular gating more than 30 Å away, in a manner that allows the Na 1 gradient to power the transport mechanism.
The experiments were performed on LeuT engineered to contain a 15-amino-acid, carboxy-terminal biotinylation domain 26 and sitespecifically labelled with the fluorophores Cy3 and Cy5 maleimide at residue position 7, after replacing the native His residue with Cys (H7C) in the amino-terminal loop close to TM1, and at position 86 (R86C) in intracellular loop (IL) 1 (Methods). Direct observations of conformational processes within the intracellular gate region of LeuT ( Supplementary Fig. 1 ) were made using a wide field imaging strategy employing prism-based total internal reflection (Methods, Fig. 1a ). As described 22 , fluorescence resonance energy transfer (FRET) imaging of LeuT revealed two readily distinguished states (FRET efficiency ,0.51 and ,0.75) in the presence of 200 mM K 1 and the nominal absence of Na 1 (Fig. 1b) , consistent with the existence of two distinct conformations of the intracellular gate that differ by ,13 Å in the distance separating the fluorophore pair.
In experiments imaging LeuT dynamics with increasing Na 1 concentrations, Hidden Markov Modelling revealed that the distribution of low-and high-FRET conformations of LeuT was altered by Na 1 with an effector concentration for half-maximum response (EC 50 ) of 10.9 mM ( Fig. 1b, c) , consistent with the EC 50 for Na 1 -dependent stimulation of substrate binding and transport 15 . Na 1 decreased the overall frequency of transitions ( Fig. 1d, e ) through the preferential stabilization (,7-fold) of the inward-closed state. During the direct imaging of individual LeuT molecules ( Fig. 1f ), slow, spontaneous transitions between open and closed states, initially observed in 200 mM K 1 , were dramatically decreased on exchange into Na 1 -containing buffer, leading to the preferential stabilization of the inward-closed state.
Reasoning that substrate-induced intracellular gating might be observed best under conditions mimicking the relatively low intracellular Na 1 , we performed experiments at Na 1 concentrations sufficient for Leu binding but below the EC 50 of Na 1 . However, even at 2 mM Na 1 , Leu shifted the population towards the closed intracellular gate conformation ( Supplementary Fig. 2a , b) through a ,3.5-fold stabilization of this state ( Supplementary Fig. 2c ). These effects, which result in a global decrease in transition frequency ( Supplementary Fig. 2d ), were recapitulated at the level of individual LeuT molecules ( Supplementary  Fig. 2e ). Thus, while unambiguously demonstrating binding of both Na 1 and Leu to LeuT, these results corroborate our earlier finding that Leu binding has the net effect of diminishing the likelihood of intracellular gate opening. One possible explanation for these observations is that Leu's high affinity for the transporter 15 makes it a poor substrate for transport, which in our measurements is manifested in the greatly extended lifetime of the closed state. To test this hypothesis, intracellular gate dynamics were assessed in the presence of the more efficiently transported substrate Ala.
In stark contrast to Leu, under otherwise identical conditions, increasing Ala concentrations did not shift the FRET distribution towards the closed state ( Fig. 2a, b ). Instead, a strong, Ala-concentration-dependent enhancement of transition rates was observed. In 2 mM Na 1 , Ala enhanced the transition rates between inward-open and inward-closed states by as much as ,4-fold ( Fig. 2c, d ). This result was directly confirmed at the scale of individual molecules on exchange into Ala-containing buffer ( Fig. 2e ). Similar enhancements in transition frequency were also observed for H7C/T515C-LeuT ( Supplementary Fig. 3 ). In accordance with such effects, which required both Na 1 and Ala, the lifetimes of the inward-open or inward-closed FRET states were not significantly affected by Ala alone (in the nominal absence of Na 1 ); at 250 mM Ala, the transition frequency increased in a Na 1 -concentrationdependent fashion ( Supplementary Fig. 4 ).
Using transition state theory (Methods), we found that the intracellular open and closed FRET states of LeuT were separated by a large activation barrier (DG { < 80 kJ mol 21 ). Ala does not alter the relative occupancies of open and closed states, but instead lowers the activation barrier for both open-to-closed and closed-to-open transitions by approximately 3 kJ mol 21 (about the energy of a hydrogen bond). By contrast, Leu raised the activation barrier for the closed-to-open transition by as much as 4 kJ mol 21 , apparently through ground-state stabilization of the closed state.
Hypothesizing that the observed dynamics reflect Ala's acceleration of the opening-closing cycles of the intracellular gate required for the transport mechanism, we performed experiments in the presence of the transport inhibitor clomipramine (CMI), a tricyclic antidepressant that is known to bind in an extracellular vestibule above the Na 1 and S1 binding sites 25, 27, 28 . Many of the residues shown to interact with antidepressants in these structures are also part of the S2 site 25, 27 . As substrate binding in the S2 site is thought to allosterically trigger intracellular release of Na 1 and substrate from the S1 site 15 (also see Supplementary Fig. 1 ), CMI should block Ala-induced intracellular gating dynamics. Indeed, in the presence of both Na 1 and Ala, CMI essentially eliminated intracellular gate opening, stabilizing LeuT in a high-FRET, inward-closed conformation ( Supplementary Fig. 5a -c).
This observation is consistent with CMI competitively blocking substrate binding to the S2 site 15 , thereby preventing Ala-induced opening and closing of the intracellular gate, and inhibiting transport. This result was again confirmed by direct imaging of individual LeuT molecules in Na 1 and Ala-containing buffer on addition of CMI (Fig. 2f ). The detergent n-octyl-b-D-glucopyranoside also inhibited intracellular gating dynamics ( Supplementary Fig. 5a -c), consistent with its capacity to disrupt the Na 1 -coupled transport mechanism 20 by competing with substrate binding to the S2 site 20, 23 .
To probe whether Ala binding to the S1 and/or S2 site(s) was responsible for lowering the activation barrier for intracellular gating dynamics, single-molecule FRET experiments were performed in the background of either an F253A or L400S mutation within the S1 or S2 site, respectively ( Fig. 3a, Supplementary Fig. 1 ). These mutations disrupt substrate binding to LeuT, decreasing the stoichiometry of substrate:LeuT binding under saturating conditions from 2:1 in wild-type LeuT, to 1:1 in both mutants (Fig. 4a ). Mutation of F253 blocks substrate binding to the S1 site and also abrogates transport ( Fig. 4a, b ; Supplementary Fig. 6 ), while having little or no effect on Na 1 binding ( Supplementary Table 1 ). Despite evidence that Ala bound to the S2 site in the context of the F253A mutation ( Fig. 4a ), Ala failed to increase intracellular gating dynamics of the mutant protein ( Fig. 4c) . Similarly, despite evidence of Ala binding to the S1 site ( Fig. 4a ), no increase in intracellular gating dynamics was observed when the S2 site was disrupted by the L400S mutation ( Fig. 4c ). These findings support the notion that substrate occupancy in the S2 site is critical for the allosteric mechanism that controls intracellular gate opening and the release of substrate from the S1 
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site 15 , and demonstrate that substrate binding to both the S1 and S2 sites is necessary to trigger intracellular gating.
In order to probe whether Ala binding to the S1 and S2 sites is also sufficient to promote intracellular gating and transport, experiments were performed in the presence of Li 1 in place of Na 1 . In the presence of saturating Li 1 concentrations (.150 mM), we found that Ala binds LeuT with a 2:1 stoichiometry consistent with both S1 and S2 site occupancy (Fig. 4a ). Li 1 , like Na 1 , stabilized the inward-closed state ( Supplementary Fig. 7 ), but, in the presence of Li 1 , Ala failed to accelerate intracellular gating dynamics and no substrate transport was observed (Fig. 4c) . Instead, the inward-closed conformation of LeuT was modestly stabilized in the presence of Ala (,2-fold reduction in the rate of gate opening, k closed-open ) (Fig. 4c ). These data demonstrate that Ala binding to the S1 and S2 sites in the presence of Li 1 does not lower the activation barrier to intracellular gating as observed in the presence of Na 1 .
Prompted by these experimental observations, computational studies were performed to investigate how both Na 1 and Li 1 can support substrate binding to LeuT, whereas only Na 1 leads to substrate-induced dynamics of the intracellular gate and to transport. These studies also served to identify both local changes produced in the region of the ion binding sites and critical elements in the allosteric pathway linking the binding cannot be matched by Li 1 binding. a, Representative snapshot taken from the Na-only simulation, showing water molecules (red spheres) occupying the S1 and S2 sites (white dotted ellipses). Residues L400 in the S2 site and F253 in the S1 site, which were mutated to affect substrate binding, are shown as light green sticks. b, The different effects that Li 1 and Na 1 binding have on the interacting residues of TM6 and TM10. The TM6/TM10 interface is indicated by the dashed ellipse in magenta. c, The bulge around G408 in TM10, which is present only when Na 1 is bound but not when Li 1 replaces it. In b and c, side chains and backbones coloured according to atom types are from the Li-only conformation, while those from the Na-only conformation are rendered in grey.
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substrate binding sites and the intracellular gate region. Comparative analysis of separate molecular dynamics (MD) simulations of LeuT, performed with either Na 1 or Li 1 occupying the established Na 1 binding sites and in the absence of amino acid substrate (termed Na-only 24 and Li-only, respectively) revealed significant differences in TM-TM interactions (Fig. 3b, c) , which are described in detail in Supplementary Information. The Na1/Li1 binding site and its neighbouring interaction network, which are crucial for the proper propagation of the allosteric effects from the S2 to S1 site (see Supplementary Information for details) and onward to the intracellular side to open the transport pathway, are sensitive to the unique combination of the ionic radius of the Na 1 cation and the charge redistribution it causes. The structural consequences of the ion-specific effects appear to be propagated through the cluster of aromatic residues at the heart of the S1 binding site, and result in different configurations of the bulge in the middle of TM10 (Fig. 3 , Supplementary Fig. 8 ).
The positions of the structural elements involved in this propagation mechanism make them critical for transmitting conformational changes deeper into the TM bundle towards the intracellular end of the transporter (Fig. 3b, c) . Such changes include local alterations in the vicinity of E419, a residue known from the crystal structure to interact with E62 in TM2, with the backbone of the unwound portion of TM6 (proximal to F259 of the aromatic cluster and the S1 binding site), and two water molecules 29 . Reconfiguration of this region, including residue T418, on simulated inward movement of the substrate 15 was previously shown to enable the penetration of water from the intracellular side of LeuT as a result of an opening at IL1 15 . The resulting dissociation of IL1 from interactions with R5 and D369 and the destabilization of the network of intracellular interactions detected in the simulations ( Supplementary Fig. 9) is associated with the observed outward movement of TM1a 22 that is essential for the simulated release of substrate to the intracellular side.
Owing to the different effects of Li 1 and Na 1 , Ala binding in both the S1 and S2 sites in the presence of Li 1 would not engender the ordered series of local conformational rearrangements expected in the presence of Na 1 . These rearrangements originate in the S2 site and need to be propagated as described above through changes in the Na1 and S1 sites to enable water penetration from the cytoplasmic side of LeuT and the outward movement of TM1a. Their absence when Li 1 substitutes for Na 1 would explain why substrate-induced acceleration of gating dynamics was not observed experimentally. Na 1 binding, which stabilizes the inward-closed state, does not hasten gate closure but, instead, slightly stabilizes the inward-open state as well, by raising the energy barrier to the conformational transition. In contrast, Ala binding to LeuT in the presence of Na 1 shortens not only the inward-closed, but also the inward-open, lifetime (Fig. 2) . Thus, bound Ala facilitates both the opening of the intracellular gate and its subsequent closure by reducing the activation barrier for such conformational transitions. One possible explanation for this observation is that binding of substrate in the S2 site triggers the opening of the intracellular gate and release of the S1 substrate to the cytoplasm. In the absence of S1 substrate and bound Na 1 , substrate in the S2 site may then facilitate intracellular gate closure. It is tempting to speculate that the S2 substrate, in the presence of extracellular Na 1 , may move to the S1 site with high efficiency owing to its very high local concentration, thereby facilitating a subsequent transport cycle.
Collectively, our findings support the notion that the observed movements of TM1a and its environment are associated with LeuT intracellular gating 22 in a manner that is directly linked to the Na 1driven transport mechanism. Thus, results obtained with the slowly transported substrate, Leu, and the relatively rapidly transported substrate, Ala, establish a relationship between the rates of intracellular gating and substrate transport. The role of substrate binding at the S2 site in the process of allostery and molecular recognition is further highlighted by the comparative effects of CMI and Ala binding to this site in the presence of Na 1 . The former stabilizes a closed intracellular gate conformation, whereas the latter substantially lowers the activation barrier to gate opening and thereby allows the energy of the Na 1 gradient to drive the transport mechanism.
After the present manuscript had been submitted, a report 30 was published that concluded, on the basis of a variety of binding measurements, that LeuT has only a single high-affinity substrate site. In contrast, our substrate binding measurements clearly show a stoichiometry of 2:1, consistent with high affinity binding to both the S1 and S2 sites 20 . Half of this binding is lost in the S2-site mutant that also exhibits a loss of substrate-induced single-molecule dynamics and transport (Fig. 4) . Although the loss of substrate-induced dynamics and transport in the S2-site mutant could conceivably be explained solely by a long-range allosteric effect of the mutation, all our data to date are most consistent with a two-substrate-site model in which the absence of either S1 or S2 substrate binding results in a profound attenuation of transporter dynamics and function. We are currently uncovering the reasons for the discrepancy between the data of ref. 30 and our own data, and will report our findings in due course.
METHODS SUMMARY
LeuT mutants were expressed in Escherichia coli, purified, and labelled on targeted engineered cysteines with Cy3 and Cy5 maleimide. The functional properties of the labelled constructs were determined by measuring Leu binding and Na 1 by scintillation proximity assay, and Ala transport was measured after reconstitution of the protein into proteoliposomes. Purified, labelled protein was immobilized onto a passivated glass surface via a streptavidin-biotin linkage (shown schematically in Fig. 1a ). Fluorescence data were acquired using a prism-based total internal reflection (TIR) microscope. FRET efficiency was calculated and analysis of fluorescence and FRET traces was achieved using semi-automated analysis software developed for this application. The single-molecule traces were analysed for LeuT in the presence and absence of the substrates Na 1 , Leu and Ala, and on addition of the transport inhibitors CMI and n-octyl-b-D-glucopyranoside, and in response to mutations of the S1 and S2 binding sites. MD simulations were carried out with the protein immersed in an all-atom model of the membrane, solvated with water molecules, ions and ligands. Long equilibrations (totalling .2 ms) were run to assess conformational changes, with more than one MD trajectory collected for every configuration mentioned. 
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